L eft atrial (LA) size and function are associated with multiple cardiovascular diseases, such as atrial fibrillation and heart failure, and are also crucial for long-term prognosis and mortality.
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represent the magnitude and rate of atrial myocardial deformation, respectively, and have been used as practical parameters or prognosticators in different diseases. However, reference values were mostly derived from small-sized population with limited subject numbers. [11] [12] [13] Besides, the majority of studies were applied on Western people, despite the fact that Asian population accounts for ≈60% of the world's population. Therefore, this study aims to provide age-and sex-specific reference values and their associations with LA deformation measures from a large-scale Asian population.
Methods

Study Population
Participants in an ongoing cardiovascular health screening program at a tertiary medical center in Taipei, Taiwan, from June 2009 to December 2012 were retrospectively reviewed and comprised this cross-sectional analysis. The setting and design of the present study have been described previously.
14 Briefly, all participants underwent comprehensive echocardiography, and details about their baseline characteristics, clinical symptoms or signs, and underlying diseases were obtained by a 260-item structured questionnaire. All biochemical and laboratory parameters, including lipid profiles, were measured at a standardized central laboratory by Hitachi 7170 automatic analyzer (Hitachi, Corp, Hitachinaka, Ibaraki, Japan). Chronic kidney disease was defined as an estimated glomerular filtration rate <60 mL/min per 1.73 m 2 by Cockcroft-Gault equation. NT-proBNP (N-terminal pro-B-type natriuretic peptide) levels were determined in a blinded manner to study participants' details by an electrochemiluminescence immunoassay (Roche Diagnostics GmbH, D-68298 Mannheim). Hypertension was defined as either blood pressure (BP) measured to be >140/90 mm Hg in at least 2 independent occasions or any known medical history of hypertension or medication use for hypertension. Diabetes mellitus was defined by any known medical history or medication use for diabetes mellitus or abnormal sugar sampling in at least 2 independent measures. This investigation conformed to the principles outlined in the Declaration of Helsinki. The study was approved by local ethical board committee (14MMHIS202). We excluded participants with known cardiovascular and systemic comorbidities, including coronary artery disease, valvular heart diseases, prevalent heart failure, hypertension, chronic kidney disease, and diabetes mellitus, as well as those with hyperlipidemia, gout, atrial fibrillation, or any cardiac arrhythmia causing irregular heart cycles, previous stroke, or transient ischemic attack by a detailed review of the medical history. The detailed flowchart of study population enrollment in the current study is shown in Figure 1 (left).
Conventional Echocardiography Examination
Conventional echocardiography was performed using the GE system (Vivid i, GE Vingmed Ultrasound, Norway) equipped with a 2-to 4-MHz transducer (3S-RS), with all measurements being performed based on the recommendation of the American Society of Echocardiography. 7, 15 Participants with structural heart diseases, such as valvular heart diseases (defined as moderate or severe valvular stenosis or regurgitation), hypertrophic cardiomyopathy, and pericardial disorders as detected by conventional echocardiography, and with inadequate images for myocardial deformation analysis (defined as inadequate quality of tracking in ≥2 segments) were also excluded from the final analysis (Figure 1, left) .
The echocardiography-imaging parameters included measurements of LV end-diastolic and end-systolic diameter, wall thickness, and LV mass by linear method, with LA/LV volumes assessed by modified biplane Simpson method using the LV apical 4-(4CH) and 2-chamber (2CH) views. Maximal LA volume (LAV max) was obtained before the opening of the mitral valve, and minimal LAV (LAV min) was derived from the smallest volume after LA contraction. LV ejection fraction and LA emptying fraction were calculated as follows: 100× (maximal LV or LAV−minimal LV or LAV)/maximal LV or LAV. LV mass was further indexed to body surface area as LV mass index, with LAVs similarly indexed to body surface area or body height 2.7 . Pulsed-wave Doppler echocardiography was performed to record LV mitral inflow velocities, with early (E) and late (A) diastolic mitral inflow velocities sampled at the tip of the mitral leaflets from the apical 4CH view, and the ratio (E/A) was calculated. Myocardial relaxation velocities in early diastolic phase (e′) were recorded from both septal and lateral mitral annulus using high frame rate spectral tissue Doppler imaging techniques from the apical 4CH view, with LV filling pressure estimated as E/e′.
LA Deformation by 2-Dimensional Speckle Tracking Echocardiography
All the echocardiographic images were stored digitally and reviewed offline, with deformation measures performed by an experienced technician using proprietary software (version 10.8, EchoPAC; GE Vingmed Ultrasound, Norway) as described in our previous publication. 14 All apical images were obtained using standard anatomic landmarks to ensure optimal acquisition and avoid foreshortening. The LA endocardial border was traced manually in both 4CH and 2CH views at end-systole by an experienced technician blinded to clinical information. 16 Deformation measures were performed on 2-dimensional images with sufficient image quality throughout the whole cardiac cycle, with an average acquired frame rate of 50 to 90 frames per second averaged as 68.2 frames per second in the current study. The software then automatically generated an epicardial LA silhouette, which delineated a region of interest comprising 6 segments in each apical view. Manual adjustment of region of interest was allowed to encompass the entire LA myocardial layer, followed by automated segmental tracking. After tracking, the strain and its first derivation SR curves for each atrial segment were generated from apical 4CH and 2CH views. Herein, we used R wave as a starting point (R-R gating) for deformation analysis. The PALS pattern is characteristic with a predominant up-sloping wave that peaks at the end of the ventricular systole, followed by down-sloping wave to baseline. The LA SR curve is shown as a function of time throughout the cardiac cycle and could be divided into the following 3 primary components representing the different phases of LA cycle: systolic SR (SRs) at the reservoir phase, early diastolic SR (SRe) at the conduit phase, and late diastolic SR (SRa) at the contractile phase ( Figure 1A and 1B, right). The average LA deformation indices were derived from the mean of apical 4CH and 2CH data, with larger absolute values of PALS or SR measures indicating better atrial myocardial deformation. Moreover, we randomly selected 526 subjects (50 subjects from age-sex groups with numbers >50, and all subjects from groups with numbers <50) and performed deformation measures using P wave as a starting point (P-P gating; Figure I in the Data Supplement).
Reproducibility Analysis
The reproducibility analysis has been reported in our previous article. 14 We randomly selected 50 subjects for coefficient of variation analysis, and the results were 6.4%, 5.6%, 4.4%, and 5.8% between analyzers (interobserver variability) and 4.8%, 4.4%, 4.0%, and 4.6% in the same analyzer (intraobserver variability) for PALS, LA SRs, SRe, and SRa, respectively. Intraclass correlation coefficients for PALS, LA SRs, SRe, and SRa were 98%, 98%, 95%, and 96% between analyzers (interobserver) and 99%, 99%, 96%, and 98% in the same analyzer (intraobserver), respectively. The Intraclass correlation coefficients for LAV max were 92% between analyzers (interobserver) and 98.5% in the same analyzer (intraobserver; Table I in the Data Supplement).
Statistical Analysis
Normally distributed continuous variables are presented as the mean value and SD. Non-normally distributed variables are summarized as median with 25th and 75th percentiles. Categorical variables are shown as proportions. Comparisons of the continuous variables between men and women were performed using an unpaired 2-tailed t test, and the nominal variables were compared by χ 2 analysis or Fisher exact test. Comparison of the continuous variables among different age groups was performed by 1-way ANOVA, with post hoc paired comparisons made. Cuzick nonparametric trend test was used to test the trends of several LAVs or indices and NT-proBNP levels across ordered age-stratified groups (<30, 30-39, 40-49, 50-59, 60-69, and ≥70 years). We further tested the relationships between increasing age as an independent variable (per decade change) and measures of strain or SR indices (as dependent variables), including PALS, LA SRs, SRe, and SRa using linear regression and were adjusted for several key clinical covariates (sex, BP components, heart rate, fasting glucose, high-density lipoprotein, total cholesterol, current smoking status, and estimated glomerular filtration rate) and LAVs (indexed to body surface area or height 2.7 ), with NT-proBNP levels or LV E/e′ further added in the models. We also tested whether the associations between these speckle tracking-based LA mechanics with aging may vary with sex as an a priori hypothesis; therefore, tests for possible interactions were performed with or without interaction terms between sex and LA mechanical indices with increasing age in our models.
Finally, we further tested whether the associations between these LA deformation measures and aging may vary with sex in our models. All statistical significances were set at P<0.05 using SPSS, version 17.0, statistical software (SPSS, Chicago, IL) and STATA software (version 11.0; StataCorp, College Station, TX).
Results
Baseline Characteristics
A total of 4042 asymptomatic participants with 2-dimensional LA speckle tracking were available, and 2812 healthy participants were eligible for the final analysis after exclusions (Table 1 ). There were 1836 men and 976 women (35%) with an average age of 47.4±9.9 years for the whole study population. The median NT-proBNP level was 24.6 pg/mL (25th-75th: 11.0-46.5 pg/mL). Conventional echocardiography parameters for the study participants are displayed in Table 1 , with the mean LV ejection fraction of 62.5±4.9%. In general, women had smaller LAV before index, although presented with greater LAV indices (indexed to body surface area or height 2.7 ), than those of men (Table 2 ; all P<0.001). NTproBNP level was higher in women than that in men (median, 41.8 versus 18.9 pg/mL; P<0.001), whereas there were no significant differences in LA emptying fraction between men and women (P=0.208). LAVs (with or without indexed) showed a graded increase across different age categories in both sexes and so did the levels of NT-proBNP (Table II in the Data Supplement; Figure 2 ; all P value for trend, <0.05). Women had greater PALS (39.34±7.99% versus 37.95±7.96%; P<0.001) than that of men and showed higher SRe but lower SRs and SRa compared with those of men (all P<0.001; Table 2 ).
Influences of Age and Afterload on LA Deformation
Functional declines in PALS, SRs, and SRe were observed across more advanced age categories, which were accompanied by greater SRa (Figure 3 ; Table II in the Data Supplement). Linear regression analysis showed that advanced age, greater body mass, higher BP components, higher glucose, more rapid heart rate, unfavorable lipid profiles, higher NTproBNP levels, and worse renal function were associated with lower absolute PALS, SRs, and SRe, although augmented SRa values (Table III in BP, high-density lipoprotein, total cholesterol, estimated glomerular filtration rate, LAV indices, and NT-proBNP level or diastolic indices, including LV E/e′ (Table IV in the Data Supplement). Linear regression analysis further identified a negative correlation of PALS with LA maximal volume index. PALS remained associated with age after correction with LA maximal volume index (all P<0.001; Figure II in the Data Supplement). In multivariable regression models, increasing age (per decade change) remained constantly associated with worse PALS, SRs, and SRe and greater SRa even after accounting for clinical covariates, various LAV indices, and LV filling E/e′ (Table 3 ; Tables V and VI in the Data Supplement; all P<0.001). Higher BP, especially systolic BP or diastolic BP, was also independently associated with lower PALS, worsened SRs, and SRe, although augmented SRa in the multivariable regression models (Table 3; Tables V and VI in the Data Supplement). A indicates late diastolic transmitral inflow velocity; BMI, body mass index; BSA, body surface area; DBP, diastolic blood pressure; DT, deceleration time; E, early diastolic transmitral inflow velocity; eGFR, estimated glomerular filtration rate; E′ lateral, motion velocity of the lateral mitral annulus in the early phase of diastole; E′ septal, motion velocity of the septal mitral annulus in the early phase of diastole; HDL, high-density lipoprotein; HR, heart rate; IVRT, isovolemic relaxation time; IVSd, end-diastolic interventricular septum thickness; LVEDV, left ventricular end-diastolic volume; LVEF, left ventricular ejection fraction; LVESV, left ventricular end-systolic volume; LVIDd, left ventricular end-diastolic diameter; LVIDs, left ventricular end-systolic diameter; LVM, left ventricular mass; LVMI, left ventricular mass index; MAP, mean arterial pressure; NTproBNP, N-terminal pro-B-type natriuretic peptide; PWd, end-diastolic posterior wall thickness; SBP, systolic blood pressure; and WBC, white blood cell. 30 ] for women and men, respectively), with more advanced age (per decade increase; all P value for interaction, <0.05). The sex-modification effects on SRs and SRe with aging became attenuated after accounting for clinical covariates, LAVs, NTproBNP level, or LV E/e′, although sex modification on PALS with aging remained significant in final models (P value for interaction, <0.05; Figure 4 ; Figure III in the Data Supplement).
Strain Measurement Using P-P Gating
The mean PALS of the randomly selected 526 subjects was 38.4±8.0% using R-R gating method, and reservoir strain (Ɛ R ) using P-P gating was 41.4±7.4% (r, 0.908; P<0.001). The mean strain for the other 2 phases using P-P gating method was as follows: 31.9±6.9% for conduit strain (Ɛ CD ) and 9.5±2.9% for contractile strain (Ɛ CT ). All these strains were significantly associated with age (Ɛ R : r, −0.389; P<0.001; Ɛ CD : r, −0.510; P<0.001; Ɛ CT : r, 0.227; P<0.001). Both Ɛ R and Ɛ CD deteriorated with increasing age, and Ɛ CT was positively correlated with aging. (Table VII in 
Discussion
Main Findings
In the present study, we provided age-and sex-specific reference values of PALS and SR derived from a large-scale Asian population. The primary findings were as follows: (1) women had higher PALS than that of men; (2) aging deteriorated PALS in both sexes, being more prominent in women at advanced ages, and was independent of baseline characteristics, BP, LAV, and LV filling pressure; and (3) SRs and SRe decreased with aging, whereas SRa increased.
Several studies have defined reference values of PALS and SR, but the study populations were limited with a small sample size with a relatively narrow age range. For example, Cameli et al 11 reported reference values of PALS from 60 healthy individuals as 42.2±6.1% (5-95 percentile range 32.2%-53.2%), which were slightly higher than the value in our study. 19 using Philips QLAB 9 in a normal black population comprising 120 individuals aged between 18 and 70 years reported PALS of 39.0±8.3%. Similarly, LAV indices in our current study were smaller compared with Western population, although our data were consistent with prior reports. 20 Despite the fact that different values of deformation parameters may exist when assessed using software from different vendors, the changes in PALS and SR with aging were consistently reported from prior studies. Further, we also demonstrated that PALS using R-R gating method correlated well with Ɛ R using P-P gating in our current work. To the best of our knowledge, this study is to date the largest one incorporating as many normal participants as possible and therefore the reference values would probably be more reliable.
Influences of Aging on LA Deformation
Normal aging involves gradual loss of cardiomyocytes 21 and replacement of fibrotic tissue over time, 22, 23 leading to eventually increased LV stiffness 24, 25 with impaired LV relaxation 26 or even subclinical systolic dysfunction. 27 On one hand, impaired LV relaxation further reduces passive atrial conduit function because these 2 are strongly correlated. 10, 28, 29 Meanwhile, LA may become stiffer with reduced compliance during the aging process, as reflected by decreasing LA reservoir function. 30, 31 The synergistic results of both declined LA reservoir and conduit functions may, therefore, limit effective volume transfer from LA to LV. 32 On the other hand, augmented LA active contraction occurs as a compensatory mechanism with senescence. 32 When LA interstitial fibrosis becomes more prominent and the contraction augmentation finally reaches a plateau (stiffer LA), atrial dilatation occurs and the LA stroke volume has to increase beyond the Frank-Starling relationship. 32 More importantly, our multivariable analysis demonstrated that adding variables of LAV, circulating NT-proBNP, or LV E/e′ did not impact the association with LA functional decays in aging process. Furthermore, our analysis demonstrated the LA conduit function (SRe) in elderly individuals (aged ≥70 years) almost declined to one half when compared with that in individuals in their early 30s, together with a substantial worsening of PALS and the reduction of reservoir function (SRs) across the same age spectrum. Finally, our data of Ɛ R and Ɛ CD by P-P gating method were inversely associated with increasing age accompanied by augmented Ɛ CT , which were consistent with prior reports.
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Figure 3. Peak atrial longitudinal systolic strain (PALS) and strain rate (SR) stratified by different age and sex groups. Graphs showed deteriorated PALS, systolic SR, and early diastolic SR with aging, whereas augmented late diastolic SR was observed on the contrary. The numbers in brackets represented patient number in each age group. These observations were consistent in both men and women. SRa indicates late diastolic strain rate; SRe, early diastolic strain rate; and SRs, systolic strain rate. Reference Value of Left Atrial Deformations
Influences of Afterload on LA Deformation
Aging also leads to excessive afterload because of increased vascular stiffness 24 and further aggravates impaired LV relaxation and diastolic dysfunction, 34 which in turn alters LA phasic functions. 24, 27, 35 Previous reports had provided evidence that elevated BP may pose direct impacts on LA mechanics. 16, 36, 37 Moreover, hypertension and diabetes mellitus have been shown to be independently associated with decreased PALS, SRs, and SRe even without LAV alterations, suggesting that deformation measures can be more sensitive to subtle changes in LA function before overt structural remodeling in hypertension. 16, 38 Consistent with their findings, our data showed evidence of LA functional disturbances with higher BP components regardless of the degree of LA remodeling. However, the fact that such preclinical LA marker worsened with higher BP irrespective of LV diastolic indices (NT-proBNP or E/e′) may suggest additional mechanisms not explained by raised LV end-diastolic filling pressure. We also observed an inverse relationship between higher BP and greater SRa in our study participants, which may be because of the need for an augmented LA booster function to circumvent elevated LV afterload and hence to stay in the preclinical stage. 39 
Sex Differences in LA Deformation
In general, women presented with higher PALS and SRe than men. In our current work, we observed more pronounced functional decay on LA deformation measures (especially PALS) with aging in women when compared with that in men. However, previous studies, such as those by Sun et al 18 and Meel et al, 19 did not observe such sex differences with aging. We speculated that smaller sample sizes in the previous reports might explain this inconsistent finding.
Both impaired PALS and increased LAV were a central phenomenon with aging, and our findings demonstrated that women may present with worse LA mechanics compared with those in men with senescence. Deteriorated PALS had been proposed to be strongly associated with exercise capacity 40 and serves as a pathological hallmark feature in heart failure with preserved ejection fraction 41 -an emerging public health problem worldwide. Although epidemiology studies have , and E/e′ (Lat). BSA indicates body surface area; LA, left atrial; LA SRa, late diastolic LA strain, 1/s (average); LA SRe, early diastolic LA strain rate, 1/s (average); LA SRs, systolic LA strain rate, 1/s (average); NT-proBNP, N-terminal pro-B-type natriuretic peptide; PALS, peak atrial longitudinal systolic strain; and SBP, systolic blood pressure.
*Sex modification P<0.05 with increasing age.
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shown that heart failure with preserved ejection fraction is more prevalent in elderly women, 42 our findings that women are more susceptible to LA mechanical dysfunction than men with aging might, in part, explain the women predominance of heart failure with preserved ejection fraction in the elderly population.
Study Limitations
First, the normal values provided here might only pertain to the same equipment/modality used in the current study but not others; therefore, interpretation and use of these reference values should be cautious when analysis software from different vendors is used. Second, loading condition could not be controlled that might influence volumetric measurement. However, the strain and SR analyses were independent of volume and BP changes, and the values remain valid. Third, we performed LA deformation tracking measures with R wave as a starting point (R-R gating), whereas some other studies mainly used P wave for the same research purpose. The 2011 American Society of Echocardiography/European Association of Echocardiography consensus statement officially announced both modalities of atrial deformation (reference point with QRS onset or with P wave) as normative LA mechanics measures. 43 Both P wave and R wave have also been used as reference points for LA deformation analysis in previous studies. 6, 44, 45 Nevertheless, few data directly compared these 2 methods, and the controversy about reference point remains. Therefore, we performed subgroup analysis using P-P gating method for strain measurement, which was similar with R-R gating measurement. When applying our normative values in future studies, special attention should be paid to the difference of reference point. Finally, the underlying medical diseases were documented from self-report questionnaire, and some may not have repeated measures to confirm the diagnosis of hypertension or diabetes mellitus. The possible presence of asymptomatic paroxysmal atrial fibrillation and occult cardiovascular disorders could not be excluded. Furthermore, those who volunteered to current cardiovascular health survey may have differed in some way in which selection bias cannot be eliminated.
Conclusion
Our findings suggest mechanical LA functional decay from multiple aspects with advanced age and higher BP in a large, healthy Asian population. These functional alterations were independent of LA structural remodeling or LV diastolic functions and were accompanied by compensatory augmentation of atrial pump function. In addition, we observed sex-specific differential influences with aging, with women demonstrating more rapid PALS reduction than men in advanced age. We also provided age-and sex-stratified reference values of PALS and SR from a large-scale Asian population, which may serve as reliable parameters for LA mechanical functional assessment.
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